date, all selenoproteins with known functions, with the exception of selenoprotein P (see below), appear to have enzymatic activities in which the Sec residue is located at the catalytic site, where it likely participates in redox reactions (47) . However, the amino acid sequences, enzymatic activities, tissue distribution of expression, and other molecular features of the different family members are extremely varied. Similarly, at the physiological level, these enzymes are involved in diverse metabolic and physiological functions ranging from antioxidant defense (6) to fertility (30) , muscle development and function (65) , thyroid hormone metabolism, and immune function (4) . Consequently, the range of pathologies associated with primary or secondary defects of selenoprotein function is enormous, with no easily definable unifying feature to tie together this disparate group of phenotypes at the pathophysiological level.
Selenoprotein Biosynthesis
The incorporation of Sec, which is considered to be the 21st amino acid, occurs in a unique and peculiar way; in fact, the Sec codon is an in-frame UGA, which normally corresponds to a termination codon. The recognition of UGA as a Sec codon, instead of a translational stop signal, requires the presence of a stem loop sequence called SECIS (SEC insertion sequence), which typically resides several hundred to several thousand base pairs downstream of the UGA codon in the 3Ј untranslated regions of eukaryotic selenoprotein transcripts. As shown in FIGURE 1 , the process of Sec codon recognition and Sec insertion requires several trans-acting factors including tRNA Sec , a Sec-specific elongation factor, and SECIS-binding proteins (1, 11) . Interestingly, the targeted deletion of tRNA Sec gene (Trsp) results in an embryonic lethal phenotype in mice (9) . Since Trsp governs the production of all selenoproteins, this suggests that at least some selenoproteins are crucial for early embryonic development, and this idea is further supported by the observation that knockout of thioredoxin reductases (TrxRs) can also be embryonic lethal (Table 1) (18, 46) .
By taking advantage of the conserved secondary structure of SECIS elements, Kryukov et al. used a bioinformatic approach to scan the human genome for potential SECIS elements and then searched for open reading frames with in-frame UGA codons upstream of the SECIS elements (49) . By using this method, the authors not only found the previously described selenoproteins but also identified seven new ones, bringing the total number of known human selenoproteins to 25 (Table 1 and FIGURE 2 Catalyzes the reduction of thioredoxin and glutathione; has a disulfide bond isomerization activity probably involved in spermatogenesis.
Converts thyroid prohormone T4 to active hormone T3 by catalyzing the removal of iodine from T4
Knockout Phenotype
No apparent phenotype in unchallenged mice. Survival decreased 8-fold compared with wild-type mice when exposed to lethal doses of pro-oxidant, more susceptible to myocarditis when infected with coxsackievirus (1, 11, 12) .
No apparent phenotype even after exposure to ␥-radiation; double KO Gpx-1 and Gpx-2 present symptoms and histopathology consistent with inflammatory bowel disease (24, 25) .
Homozygous mutant is embryonic lethal; heterozygous are fertile and seem normal but have increased sensitivity to oxidative stress (76) .
Ubiquitous disruption is embryonic lethal due to severe impairment of cell proliferation; mice with cardiac-specific disruption of the gene develop normally and seem healthy (43) .
Ubiquitous disruption is embryonic lethal with smaller and severely anemic embryos showing increased apoptosis in liver; cardiac-specific disruption of the gene results in fatal dilated cardiomyopathy (17) . n.d.
Fertile and apparently healthy mice, serum level of T4 and rT3 were elevated, but TSH and T3 levels were unchanged. The metabolism and excretion of iodothyronines is markedly changed (63). Has thiol-disulfide isomerase activity, possibly involved in disulfide bond formation in the endoplasmic reticulum.
Loss of heterozygosity at SEP15 locus is associated with cancer.
Unknown, absence causes myopathy
Methionine sulfoxide reductase
Has thiol-disulfide isomerase activity, possibly involved in disulfide bond formation in the endoplasmic reticulum.
Knockout Phenotype
No gross phenotypic abnormality; serum T4 and TSH elevated by 40% and 100%, respectively, suggesting the pituitary gland has become resistant to plasma T4 feedback effect (62) .
Homozygous mutant mice are viable but, when fed a low-selenium diet, they lose weight and develop poor motor coordination. Males are infertile due to flagellar structural defects and show a 43% reduction of brain selenium. Highselenium diet does not restore male infertility but brings the brain selenium content to levels comparable to wild-type mice (35, 36) .
n.d. , Not determined. *Gene symbol not yet approved by gene nomenclature consortium. sackievirus has been isolated from blood and tissues of patients with Keshan disease and is now considered to be a cofactor in development of this cardiomyopathy (53) . Mice infected with certain virulent strains of coxsackievirus develop a heart disease similar to the one found in Keshan disease. When mice fed with an adequate amount of selenium and vitamin E are infected with a benign strain of coxsackievirus, they do not develop any cardiomyopathy, whereas the infection of selenium-deficient mice with the same benign strain of virus results in a cardiomyopathy. GPX1 knockout mice infected with the benign strain of coxsackievirus also develop the disease, even when fed with adequate amounts of selenium. It appears that the absence of GPx-1 in these mice allows accumulation of mutations in the viral RNA genome that make them virulent (2) . Thus the cardiomyopathy in Keshan disease patients is likely related to decreased activity of GPx-1, secondary to selenium deficiency, which allows the accumulation of coxsackievirus mutations, hence converting benign strains into cardiotoxic ones. The effect of selenium on HIV-infected patients has also been the subject of numerous studies, with sometimes of rat, mouse, and other species' genomes, the authors suggest that this number likely represents the entire human selenoproteome.
Selenium supplementation has been suggested to have a preventive and sometimes therapeutic role in different diseases, such as cancer (17, 43) , male infertility (74), viral infection (54) , and immune system function (48) . It is believed that this beneficial effect occurs mostly, but probably not exclusively, through the function of selenoproteins. In this review, we focus on diseases for which the direct involvement of individual selenoproteins has been documented or strongly suspected.
GPx and Disease
The GPxs are a family of closely related antioxidant enzymes encoded, in humans, by the GPX1 to GPX6 genes. With the exception of GPX5, all family members encode selenium-containing proteins (Table 1) .
Viral infection
Nutritional deficiency of selenium has been associated with Keshan disease, a dilated cardiomyopathy formerly endemic in regions of China where selenium concentration in the soil is particularly low (33, 83) . Remarkably, the simple use of selenium-fortified table salt by populations living in those regions resulted in a significant decrease in the incidence of this disease (14) . Recent studies provide a better understanding of the role of selenium and GPxs in this disease. In fact, coxapparently contradictory results (20, 51, 76) . The activation of HIV from its proviral state is stimulated by reactive oxygen species (ROS). Therefore, one could assume that boosting the activity of selenoproteins that have an antioxidant activity might be beneficial in stopping, or at least delaying, the progression of HIV infections. However, paradoxically, it has been shown that the introduction of a GPX1 expression construct in HIV-1-infected cells results in the faster appearance of cytopathic effects associated with HIV-1 infection (67). Reciprocally, decreasing the antioxidant activity results in reduced viral replication (67) . It seems that antioxidants have a dual effect on the progression of HIV infection, depending on the stage of the viral cycle. At the beginning of an infection, the antioxidant activity of GPx-1 may prevent cells from undergoing apoptosis, thus facilitating the spread of an acute viral infection. Later in the disease course, by eliminating ROS, GPx-1 may suppress the activation of ROSresponsive transcription of viral genes, thus hampering virus production during the later chronic stages of infection. Recently, it has been shown that HIV-1 potentially encodes a selenoprotein with significant homology to mammalian GPxs (79, 87) . It has been suggested that viral selenoprotein synthesis may deprive the host of selenium and other components required for endogenous selenoenzyme production. Deficiencies of selenium and several other key amino acids likely play a role in the appearance of symptoms such as immune system collapse, greater susceptibility to cancer, myocardial infarction, muscle wasting, depression, diarrhea, psychosis, and dementia (31). Interestingly, despite the high mutagenic rate of HIV, the GPx sequence is well conserved among different strains of the virus, suggesting an important role of this selenoenzyme in viral infection. Indeed, the HIV-1 GPx provides an anti-apoptotic resistance to oxidative damage, which could enhance viral replication at the first stages of infection (16) . In support of this hypothesis, it has been shown that molluscum contagiosum virus (MCV) also encodes a selenoprotein with homology to human GPx. Interestingly, Hela cells transfected with the gene encoding the viral selenoprotein showed increased resistance to ultraviolet-and peroxideinduced cell death. Given the fact that MCV replicates exclusively in epidermis, the expression of the viral selenoprotein seems to provide a clear advantage to MCV (75) .
Cancer
Numerous epidemiological studies have reported an inverse correlation between selenium intake and incidence of different cancers (8, 10, 17, 23, 45, 61, 64, 80) ; however, the underlying molecular mechanism(s) remains elusive. Since most selenoproteins have been shown to have an antioxidant activity, one could assume that higher intake of selenium would lead to higher expression of selenoproteins, hence protecting DNA against oxidative damage.
GPx-1 is the first described selenoprotein and probably the best characterized. It is ubiquitously expressed and detoxifies hydrogen peroxides (6) . Gpx-1 knockout mice show no apparent difference in growth or susceptibility to selenium deficiency compared with normal mice. However, when the mice are exposed to lethal doses of the pro-oxidants paraquat or diquat, the lifespan of knockout mice is reduced by eightfold compared with wild-type animals (13). Hu et al. (37) (38) (39) showed that loss of heterozygosity at GPX1 locus is a common event in the cancer of head and neck, breast, lung, and colon. The study of a GPX1 gene variant that results in a leucine or proline at codon 198 showed that the leucine allele is more frequently associated with breast cancer (38) . Furthermore, MCF-7 cells transfected with GPX1 Pro198 constructs exhibited greater stimulation of GPx activity in response to increasing concentrations of selenium than those transfected with the Leu198 variant (38) . Thus the authors suggest that the leucine variant of GPx-1 may be a risk or contributing factor to breast cancer development (38) .
The protective effect of selenoproteins against cancer has been recently assessed in a mouse model (i 6 A ᎑ ) with a mutation in Sec tRNA resulting in reduced selenoprotein expression (58) . In particular, the expression of GPx-1 is dramatically decreased in the prostate of these animals (22) . These mice were bred with a transgenic mouse (Tag) expressing the SV40 large T and small t oncogenes specifically in prostate, resulting in the development of cancer in that organ. The bigenic animals (i 6 A ᎑ /Tag) showed an accelerated development of lesions associated with prostate cancer progression (22) , supporting the idea that GPx-1 possesses anti-oncogenic properties.
Male fertility and reproduction
To date, all selenoproteins with known functions have enzymatic activity. However, it is noteworthy that GPx-4, in addition to its enzymatic function, can also play a structural role (81) . In spermatids, GPx-4 is soluble and has peroxidase activity. However, in mature spermatozoa, GPx-4 becomes insoluble and enzymatically inactive. This insoluble form of the protein apparently plays a structural role in the stability of the helicoidal form of mitochondria in the spermatozoan midpiece (81) . A nuclear isoform of GPx-4 (snGPx), resulting from use of an alternative transcription start site (57) , has been shown to play a role in the condensation of chromatin of mature spermatozoa by establishing links between thiol groups of protamines, which replace histones in chromatin of mature spermatozoa allowing a higher degree of chromatin condensation (63) . Therefore, impairment of GPx-4 is highly suspected to result in male infertility. In support of this, Imai et al. (41, 42) observed a dramatic decrease in the expression of GPx-4 in spermatozoa of infertile men. In mice, complete Gpx4 knockout results in early embryonic lethality. The heterozygous Gpx-4 +/ ᎑ mice, although viable and fertile, presented with increased sensitivity to oxidative stress produced by ␥-irradiation, paraquat, tert-butylhydroperoxide, and hydrogen peroxide (84). ty may have a tumor-promoting role, since tumor development relies on a supply of deoxyribonucleotide, which depends on the Trx/TrxR system (7). It is noteworthy that several-fold-increased TrxR levels have been observed in tumor cells, and several anti-neoplastic agents such as carmustine, fotemustine, and cisplatin are effective inhibitors of mammalian TrxRs (3). Furthermore, mice injected with mouse lung carcinoma (LLC1) cells knocked down for Trx1 gene showed a dramatic reduction in tumor progression and metastasis compared with mice injected with LLC1 cells expressing Trx1 (86) , suggesting that this selenoenzyme might be considered as a potential target for cancer therapy.
TrxRs and Disease

Iodothyronine Deiodinases and Thyroid Disease
Iodothyronine deiodinases (DIO1, DIO2, and DIO3) are a family of highly conserved integral membrane proteins involved in the thyroid hormone biosynthetic pathway. DIO1 and DIO3 are located in the plasma membrane, whereas DIO2 is located in the endoplasmic reticulum (ER) membrane. All three possess a Sec residue at their catalytic sites. DIO1 and DIO2 catalyze the removal of iodine from thyroid pro-hormone T4 and convert it to active hormone T3 (4). DIO3 catalyzes the removal of iodine from T3 and converts it to the inactive form rT3 (4). Although iodothyronine deiodinases are suspected to be involved in thyroid diseases, to date, no mutations have been reported in any of these genes. Disruption of the mouse Dio1 gene results in an increase of T4 and rT3 serum levels, whereas thyroid stimulating hormone (TSH) and T3 levels remain unchanged. These mice appear clinically normal, and the main phenotype consists of abnormalities of iodothyrinine metabolism and excretion (70) . Dio2 knockout mice show significantly elevated serum levels of T4 and TSH; furthermore, the regulation of TSH expression seems to be resistant to T4 feedback (69) .
It is noteworthy that a partial loss of function mutation in SECISBP2, encoding SECIS binding protein 2, which is required for the co-translational incorthioredoxins (Trxs), which are small, ubiquitous, redox-active peptides with a conserved catalytic site that undergoes reversible oxidation/reduction at two Cys residues. The Trx proteins provide reducing equivalents to various enzymes such as ribonucleotide reductase and thioredoxin peroxidase. They are also able to reduce key Cys residues in certain transcription factors, resulting in enhanced binding to DNA, hence influencing gene transcription (for review, see Refs. 59, 77). Perhaps not surprisingly, TrxRs are involved in a broad range of physiological and pathological pathways ranging from cancer (see below) to sperm maturation and male fertility (77) .
Cancer development
Interestingly, it appears that TrxRs have a dual and contradictory effect on tumor development. In fact, the selenol group of TrxRs seems to function as sensors to detect the presence of ROS and trigger a signaling cascade leading to the transcription of genes encoding antioxidative proteins (78) . Therefore, TrxR may have a protective effect before the development of cancer by preventing oxidative damage. However, once a tumor is established, TrxR activiporation of selenium in all selenoproteins, results in a relatively mild disease presenting with abnormal thyroid hormone metabolism (24) . Although activities of DIO2, GPx, and selenoproteion P were all decreased in serum and/or fibroblasts from these patients, the clinical picture of thyroid dysfunction likely relates specifically to loss of DIO activity. A hierarchy in the synthesis of selenoproteins has been postulated, meaning that different selenoproteins are not affected in the same way by selenium deficiency (5) . Although the deficiency of SECISBP2 should theoretically affect the biosynthesis of all selenoproteins, the short half-life of DIO2 and the fact that the UGA codon is relatively distant from the SECIS element may result in enhanced sensitivity of this selenoprotein to reductions in SECISBP2 activity (24) . In support of this is the observation that SECISBP2 could contribute to establishing the selenoprotein hierarchy by variability in binding to SECIS elements of different selenoproteins (55) .
Selenoprotein S and Inflammatory Response
Selenoprotein S (SEPS1) is a resident protein of the ER membrane. It is involved in processing and removing misfolded proteins from the ER to the cytosol where they can be polyubiquitinated and degraded through proteasome complexes (85) . A recent study of 13 SNPs in 570 individuals showed an association between SEPS1 polymorphisms and circulating levels of proinflammatory cytokines. In particular, the promoter polymorphism ᎑105G>A significantly impairs SEPS1 expression after exposure to ER stress agents (19) . Furthermore, the suppression of SEPS1 expression by RNA interference results in an increase of proinflammatory cytokines (19) , confirming that polymorphisms affecting SEPS1 expression may account for some degree of genetic variation in the inflammatory response. Interactions between genotype and environmental factors are evident in Sepp1 knockout mice, whose severe phenotype can be ameliorated by nutritional supplementation with a high selenium diet.
Selenoprotein P and Selenium Transport
humans, it incorporates 10 Sec residues. It is a secreted protein that contains about 50% of the selenium content of human plasma, and it appears to be important for transporting selenium to the brain (71) . To date, no SEPP1 mutation has been reported in any human disease. Sepp1 knockout mice are viable, but when fed with a low-selenium diet, they lose weight and develop poor motor coordination (36) . Interestingly, the low-selenium diet results in a 43% reduction of the brain selenium in SEPP1-deficient mice. However, feeding these mice with a high-selenium diet restores brain selenium to levels comparable to those of wild-type mice, suggesting that, although SEPP1 might play a role in transport of selenium to the brain, it is not the only source of selenium that the brain relies on (FIGURE 3). It has also been shown that SEPP1 might be involved in spermatogenesis since Sepp1 knockout male, but not female, mice are infertile (60) . This seems to be due to flagellar structural defects, manifested by a hairpin-like bend formation at the midpiece-principal piece junction of spermatozoa, similar to defects found in wild-type mice fed with a low-selenium diet (60) . Although the defect in these wildtype mice can be reverted with a normal selenium diet, higher doses of selenium have no effect on SEPP1 knockout mice phenotype and do not restore their fertility.
Selenoprotein 15 kDa and Cancer
The 15-kDa selenoprotein (SEP15) gene product is an ER selenoprotein possibly involved in disulfide bond formation and protein folding (26) . Two variants of SEP15, located within the SECIS element at positions 811 (T/C) and 1,125 (G/A) of the cDNA have been described (34, 50) . Transcripts containing the T 811 /A 1125 haplotype are more efficient in the incorporation of Sec at the UGA codon but are less responsive to increases of selenium availability (40) . Interestingly, loss of heterozygosity has been observed at SEP15 in breast cancers and head and neck cancers, suggesting a role of this gene in tumor progression (21) .
Selenoprotein N and Muscle Disease
With the exceptions of SEPS1 and SECISBP2, the involvement of selenoproteins or their biosynthesis in most diseases described above is secondary and, in some cases, simply results from variation of the activity of these selenoproteins according to the bioavailability of selenium. Selenoprotein N (SEPN1) was the first selenoprotein known to be mutated in a human genetic disease. Mutations of the SEPN1 gene were first described in congenital muscular dystrophy with spinal rigidity (56) . Later, mutations in this gene were also found in three other related disorders: multiminicore myopathy (28), desmin-related myopathy with Mallory body-like inclusions (27) , and congenital fiber-type disproportion myopathy (15) . Although the histopathological findings are distinct, clinical reevaluation of patients with these diagnoses showed that they share essentially identical clinical features characterized by early weakness of axial and proximal muscles, scoliosis, and severe respiratory insufficiency. Therefore, these diseases may now be considered as a single clinical entity and are referred to as SEPN1-related myopathies. Each of these diagnoses is also associated with mutations in other genes, including the ryanodine receptor RYR1 (multiminicore myopathy), desmin DES (desmin-related myopathies), and alpha-actin ACTA1 (congenital fiber-type disproportion). Understanding any possible link(s) between these proteins, or their functions, and selenoprotein N may provide important insight into the molecular function of SEPN1, which is unknown. The protein is ubiquitously expressed and resides in the ER membrane (62) . Hence, one can hypothesize that it may be involved in the maturation of other proteins involved in muscle development and/or function.
Conclusion and Discussion
Among the 25 selenoproteins identified in humans, less than half have been attributed a function, and mutations causing a human disease have been found only in SEPN1 and SEPS1. However, the involvement of selenoproteins in other human diseases affecting the brain (12, 73) and the immune and endocrine systems (4, 64) are suspected, and it is very likely that in the near future their molecular mechanisms will be unraveled. Several points have to be considered regarding the involvement of selenoproteins in human diseases. So far, selenoproteins have been considered primarily as enzymes because of the reactivity the Sec provides, but it is important to note that in some cases they may also play a structural role, as GPx-4 does in the mitochondria of spermatids. Furthermore, it is believed that selenoproteins can also affect cell-signaling molecules such as nuclear factor-B (35) and hence influence important cellular functions such as gene transcription and cell growth.
The supranutritional intake of selenium has been suggested to have chemopreventive actions against cancer (43); however, this phenomenon may occur through multiple pathways, including ones that do not rely on selenoproteins themselves (25, 68) . Although selenium almost certainly plays biological roles independently of selenoproteins, it is also clear that altering dietary levels of selenium can impact selenoprotein levels and their activity in specific organs and under certain relevant physiological conditions. Since the degree of saturation of selenoprotein activity with high intake of selenium has been measured for only a few enzymes, such as GPxs or TrxRs, it remains possible that other selenoproteins with unknown functions may be modulated if even higher intake of selenium is achieved (82) , thus possibly explaining some of the effects of a high-selenium diet. Therefore, GPx activity may not be the best marker when selenium intake requirements are considered. It is a well-known fact that there is a hierarchy of selenium require-ments among the selenoproteins, so selenium deficiency has differential effects on members of the selenoprotein family. Moreover, different tissues retain selenium to a variable extent under selenium-deficiency conditions. Thus elucidating the complex regulation of synthesis of the members of the selenoprotein family is essential for understanding the unique and unpredictable patterns of pathophysiology arising from dysfunction of each of these proteins.
